Geomagnetic data from twelve stations have been analyzed for O1 lunar tidal variations by the Chapman-Miller method. Well-determined geomagnetic O1 tides were found in the vertical component at several stations. In most cases little or no solar modulation of the fundamental frequency of the O1 (Z) tide was detected, thus making an ionospheric source for the O1(Z) tide unlikely. The most probable cause of the O1(Z) variation is electric currents induced in the oceans by O1 tidal currents. No definite conclusions could be drawn about O1 tides in the horizontal component of the field because of ambiguity between genuine O1 tides and seasonal changes in the M2 geomagnetic tide.
, Introduction
The lunar gravitational tide and the rotation of the earth produce wave motions in the oceans, atmosphere, and solid earth; these tidal waves in turn cause numerous other geophysical quantities to oscillate with the same frequencies as the tide-generating forces. (Defant, 1961) . From left to right the terms in the tidal potential are the M2, O1, K1, and N2 partial tides; the numerical coefficients give the relative sizes of the tidal constituents. These four tidal constituents are prominent in the oceans, although dynamical and boundary effects change their relative amplitudes at different locations. The M2 tide is the strongest component of the lunar atmospheric tide and it has been studied extensively (e.g., Haurwitz and Cowley, 1969; Chapman and .Lindzen, 1970) ; a recent investigation by Maimn and Chapman (1970a) revealed the existence of the O1 and N2 constituents in the atmospheric pressure.
The lunar geomagnetic tide has been studied in detail by Bartels, Chapman, Matsushita, and others, but practically all of the work has dealt with the M2 constituent. Bartels and ,Johnston (1940) determined the N2 (H) component of the lunar geomagnetic tide at Huancayo, and Winch (1970b) has made a study of the O1 geomagnetic tide at Tool-and thus cannot be separated from the solar K1 constituent or other sidereal effects. Campbell et al. (1971) Because the equatorial plane and the plane of the moon's orbit do not coincide the lunar tide has declinational components which vary during the course of a lunar month. The O1 tide is the largest declinational component and is the second largest component in the tidal potential; it has an amplitude 41.5% as large as that of the M2 tide. The O 1 tidal potential is antisymmetric with respect to the equator and has maximum and where v is the age of the mean moon (the angle between the mean sun and the mean moon), t is local mean time, and h is the longitude of the mean sun. An ionospheric source for the geomagnetic 01 tide would be indicated by the existence of a solar modulation of the fundamental frequency of the tide. Such modulation is caused by solar daily variations in ionospheric conductivity; the product of time-varying conductivity and periodic e.m.f.'s caused by tidal air motions gives rise to the phase law of geomagnetic lunar variations (Chapman and Bartels, 1940; Winch, 1970a, b) . Most of a geomagnetic O1 oscillation arising in the ionosphere could be expressed by (2) with the n=1 term being the fundamental tidal period and n> 1 terms the so-called luni-solar tides. Equation (2) is called the phase law. Winch (1970b) has called attention to the possibility of small components of the geomagnetic tide that cannot be described by equation (2); however, such components will be small and are neglected in this analysis.
Laplace's tidal equation has been solved for the O1 atmospheric tide and the eigenmodes and eigenvalues (equivalent depths) tabulated (Flattery, 1967) . Most of the energy of the O1 atmospheric tide is contained in the mode having a latitude structure that most nearly matches the O1 term in the tidal potential. A mode Flattery designates this mode can be expected to dominate the O1 atmospheric tide. The (1, -1) mode has an equivalent depth of 26.5 km and propagates energy vertically upward in most parts of the atmosphere. Because of its large equivalent depth, the (1, -1) mode is strongly attenuated by the temperature decline in the mesosphere, but in the dynamo region it propagates with a vertical wavelength of about 300km. If enough energy in the O1 (1, -1) mode penetrates to the dynamo region then the large vertical wavelength of the tide would cause it to produce appreciable electric current. The other propagating modes of the 01 tide have equivalent depths less than 0.51km (Flattery, 1967) and hence vertical wavelengths short compared to the thickness of the dynamo region. Tidal modes with such short wavelengths are not likely to produce observable magnetic variations (Tarpley, 1970) .
Data Analysis
The geomagnetic records were analyzed by a method developed by Chapman and Miller (1940) to detect lunar variations in geophysical data. A succinct account of the Chapman-Miller method as applied to M2 tides has been presented by Malin and Chapman (1970a) and its application to O1 and N2 tides has been discussed by Malin and Chapman (1970b) and Winch (1970b (5) where Msyn is the synodic month and Ms,d is the sidereal month. From equations (3), (4) and (5) we see that (6) The essence of the Chapman-Miller method is the grouping of days of data so that the nonintegral harmonic, w, is not canceled out when average daily variation curves are formed. T is the number of days measured in Julian centuries from Greenwich noon, December 31, 1899. O' is an integer ranging from 0 to 11 while wt cycles through 360 degrees.
The factors Dmps (Chapman and Miller, 1940) depend on the period of the tide and the number of data points, S, in each day's data. In the case that the geomagnetic tide is of ionospheric origin and obeys a phase law, the values of Dmps for S =576 and w = 1/14.1916 are listed below If the O1 geomagnetic tide does not obey a phase law then errors may be introduced into the result by applying the above Dmps values to false higher order harmonics; therefore, the Chapman-Miller analysis was performed twice, once as though the O1 variation does obey a phase law and once as if there are no luni-solar terms in O1 and the time variation is completely expressed by equation (1). In the latter case Dmps=1.0846. The probable errors were calculated in the manner described by Maim and Chapman (1970a) .
The Chapman-Miller method assumes that the sorting of the data will preserve the nonintegral harmonic of interest and that all others will average out. Thus it is necessary that, after the data have been sorted according to O', the M2 tide cancel out when the average daily variation curves are formed for each O'. However, as pointed out by Winch (1970b) , large seasonal variations of M2 may not always average out and the analysis can produce spurious tides because the time variation of the O1 tide can be expressed in terms of h, a seasonal parameter, and the lunar age, v. The result presented here for Huancayo, where the seasonal variation in the amplitude of M2 is very large, is probably such a case.
The O1 magnetic variation has a small amplitude and can easily be obscured by large random variations in the data. To reduce the probable error of the determinations only data were used from days with no value of Kp greater than 3+. Since most of the data were from years of low solar activity, only 1/4 to 1/3 of the days were rejected. For those stations that have gaps in the data for 1964, analyses were made excluding the 1964 records to check for possible errors introduced by the data gaps; it was found that the results were not greatly different from those which included 1964 data, although the decrease in the amount of data caused the probable errors to increase.
Results of Analyses
The determinations of the O1 geomagnetic tide when it is assumed not to obey a phase law are listed in Table 2 . Several of the determinations of O1 have a very high significance.
At three stations in the Pacific Ocean the O1 geomagnetic tide in the vertical component is given by the following expressions : Because of the small probable errors, there is a less than 1% chance such determinations could arise from random errors in the data (Leaton, Maim, and Finch, 1962) . These three stations show much less significant determinations of the O1 tide in the horizontal magnetic components. The determination of the O1(H) tide at Huancayo shows a high significance, but the results of the phase-law calculation make it obvious that the strong seasonal variation in M2 is producing a spurious result.
At Sitka the O1 tide in the horizontal magnetic component has a large amplitude and is determined to a high accuracy. The variation is given by
The Z variation at Sitka is not so well determined.
It can be written
There is an 8% chance that the O1(Z) determination could arise from random errors. The O1 geomagnetic tide was well-determined at Fredericksburg in all three components with the amplitude of the variation in the horizontal vector being slightly more than twice the amplitude of the vertical oscillation.
When it is assumed the 01 geomagnetic tide does obey the phase law described by equation (2), the Ghapman-Miller analysis gives the results listed in Table 3 . The O 1 determinations must be interpreted very carefully because of the possibility of seasonal variations in the M2 tide introducing spurious results. An obvious example is the O1 tide in the horizontal component at Huancayo, which was found to be suspiciously similar to the M2 (H) tide there. The 01 tide is diurnal and it is unlikely that it will produce a predominantly semidiurnal oscillation in the geomagnetic field at Huancayo. The amplitude of the M2(H) tide at Huancayo changes by a factor of 4 between the winter and summer solstices (Bartels and Johnston, 1940) and this seasonal variation is probably appearing as the O1 tide in the present analysis.
Because of the possibility of M2 seasonal variations contaminating the O1 analysis, stringent criteria should be used in judging whether or not the deduced magnetic variation is a genuine O1 tide. The nature of the phase law will provide a clue. The daily ionospheric conductivity variation can be approximated by [k1+k2sin(t+a)], where a is a phase angle and k1 and k2 are harmonic coefficients. Since the conductivity varies thus l1 and l2 in the phase law are proportional to k1 and k2/2, respectively Since kl and k2 are about the same size, it is reasonable to expect the l1 term in the phase law to be somewhat larger than the l2 term when the magnetic variation is produced by an ionospheric O1 tide. Of course, if the O1 geomagnetic variation is produced by ocean tides, the l2 term should be zero. Seasonal variation in M2 appearing as O1 tides is indicated when l2 is equal to or greater than l1. One criterion we shall use, therefore, to judge mined O1 tide. Gases for which l1<1.5 l2 are ambiguous. As a second criterion, we shall require that there be a less than 1 in 25 probability of a given amplitude of l1 occurring by chance from random fluctuations in the data, hence we require that p,e./ These criteria are met by the determination of O1(H) at Sitka, O1(D) at Huancayo, and O1(Z) at Honolulu, Pt. Moresby, and Toolangi. The other determinations are suspect because of large probable errors or ambiguity between seasonal variations of M 2 and real O1 geomagnetic tides.
Discussion
Only two determinations of O1 in the H and D components meet the reliability criteria, O1(H) at Sitka and O1(D) at Huancayo. Figure 1 is The amplitude of the 01 sea tide is variable from place to place, but in general the Atlantic ocean has a smaller O1 tide than equilibrium theory predicts, while the O1 constituent is much stronger in the Pacific and Indian oceans (Defant, 1961) . with the exception of Furstenfeldbruck, all of the stations that have O1 geomagnetic tides obeying the phase law weakly or not at all are in or border on the Pacific ocean. It may be worthy of note that all 5 of the determinations judged to be most reliable are for Pacific stations.
